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THERMAT: FATIGUE OF DUCTILE MATERTATLS
I - EFFECT OF VARTIATIONS IN THE TEMPERATURE CYCLE ON THE
THERMAL-FATIGUE LIFE OF S-816 AND INCONEL 550

By Francis J. Clauss and James W. Freeman

SUMMARY

An experimental study was made of the effect of the following factors
on the life of two ductile alloys (S-816 and Inconel 550) under high-
temperature thermal-fatigue conditions:

(1) The maximum cycle temperature, T ..
(2) The temperature difference of cycling, AT = T .. - T,

(3) The cyclic time of exposure at the maximum cycle temperature, t

8t Tnex

(4) The cyclic plastic strain, ep.

Tensile specimens of S-816 and Inconel 550 were alternately heated
and cooled while constrained In s manner that prevented their free axial
expansion and contraction, and the number of cycles to fracture wes deter-
nined. Hardness measurements and microstructural studies were made.

For the materiels and test conditlons studied, the following con-
clusions were drawn:

The number of cyeles to failure was more sensitive to changes
in the maximm cycle temperature than to changes in the temperature
difference.

*The information presented in this report was offered by Dr. F. J.
Clsuss as s thesis in partial fulfillment of the requirements for the
degree of Doctor of Philosophy in Metallurgical Engineering, University
of Michigen, Ann Arbor, Michigen, June 1957. Professor James W. Freeman
was chairman of Dr. Clauss' doctoral committee and 1s 8lso a consultant
to the Lewis Flight Propulsilon Leborsatory. :
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INTRODUCTION

Thermel fatigue 1s the process by which s materisl ultimately frac-
tures after belng repeastedly heated and cooled without being allowed to
expand and comntract freely. Though thermal-fatigue failures are by no
means & new problem, the trends in modern technology to higher tempera-
tures and cyelic operetions have increased their occurrence and dameging
effects. Numerous exsmples have been discussed in the litersture, for
exemple, power generating plants (refs. 1 end z), petroleum refineries
(refs. 3, 4, and 5), turbojet engines (refs. 6 to 10), end nuclear
reactors (ref. 11).

Considering 1ts importance, there is wvery little fundamental infor-
mation available on thermal fatigue in ductile materiais. Mathematical
analyses have been largely confined to brittle materials or to ideallzed
conditions in ductlile ones. Laboratory results on the relative merits of
reel materials in thermal fatigue have not always been consistent, nor
have sttempts to correlate them with service performence always been
successful. .

A progrem of fundesmental resesrch on the thermal-fatigue process in
ductile materisls has been conducted at the Lewis laboratory of the
National Advisory Committee for Aeronautics, and the results are presented
here and in reference 12. The present report reviews the literature on
thermal fatigue and presents results on the effects of various test con-
ditions on the number of cycles to complete failure. Reference 12 deals
with changes in the material propertlies that occur prior to failure as a
result of various amounts of exposure to thermal-fatigue conditions, and
it also extends existing theories of mechenicel fatigue and creep rupture
to explain the behavior of ductile sllioys during thermal fatigue.

The specific purposes of the present experimental investigation were
to study the effects of the following conditions on the thermal-fatigue
life:

(1) The maximm cycle temperature, T,y
(2) The temperature difference of cycling, AT = Ty = Tnin

(3) The cyclic time of exposure at the maximum cycle temperature, t
at Tpax

(4) The cyclic plastic strain, €p (which, of course, depends on AT
and the other test conditions).

In the experimentsel part of this study, tensile-type specimens of
S-816 and Inconel 550 alloys were heated and cooled through various tem-
perature cycles while they were constrained from expanding and contracting
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exially. These two alloys are both precipitation-hardening “superslloys"
used in turbojet engines. The maximum cycle temperatures to which these
alloys were heated ranged from 1150° to 1600° F; the minimum cycle tem-
perature was 200° F in most cases, although it ranged es high as 500° F.
The test cycle that was generally followed consisted of the following:
(1) heat 30 seconds to Tpax, (2) hold 15 seconds at Tpgy, (3) cool 30
seconds to Tpi,, (4) hold 15 seconds at Tpi,, and then repest the cycle.
For some tests, the time of holding at Tpo, was increased to 60 sec-
onds. The number of cyeles to fracture, changes in hardness, and micro-
structural behavior were studled as & function of the conditions of
temperature cycling.

PRELIMINARY CONSIDERATIONS AND LTTERATURE SURVEY
Basic Concepts

Thermal stress. - When a solid is heated or cooled nonumiformly, the
various sections tend to expend or contract in different amounts. The
seme is true if the temperature is changed uniformly throughout & body
composed of several materials with different rates of thermal expansion.
To enable such bodies to remalin continuocus, systems of thermal strains
and assoclated stresses are set up Internally. The magnitude of the
thermal stresses depends on: The temperature distribution within the
body, the properties of the material, and the degree of comstraint,
which is imposed by the continulty of the body and by external boundary
conditions.

Thermal shock. - Thermal shock means either sudden heating or cool-
ing. The thermal stresses caused by thermal shock are generally greater
than those that occur during slow heating or cooling for two reasons:
The trensient temperature distributions produced within the body during
sudden heating or cooling are more severe, and also the thermal stresses
do not have time to be relieved by relaxation during sudden hesating or

cooling.

When the thermal stress at some point in the body exceeds the frac-
ture strength of the material, the body will fracture at that point.
Failure in a single cycle of heating or cooling occurs when the body
cannot deform plasticelly to relieve the thermal stress, and this usually
implies thermel-shock conditions, a high degree of constraint, and/or a
brittle material.
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Thermal fatigue. - Thermal fatigue refers to the process by which
failure occurs after a repeated number of cyeles of thermal stressing.
This process 1s much more complex than when a failure occurs on the first
cycle. It includes certain elements present in normal mechanical fatigue
at low tempersatures, such as cyclic plastic deformation in tension and
compression that ultimstely exhausts the duetility of the meterial and
causes a fatigue crack. It also includes certain elements of the normal
creep-rupture process at high temperstures. Thus, while the materlal is
at the high temperature of the cycle, smnealing may occur to relieve the
strain-hardening due to reversed plsstic deformsatlion, or secondary phases

 may precipitate along slip lines and cause additional hardening. The
structural changes that occur depend on the material, the strain, and the
temperature involved, and they may change the strength and ductility so
much that the material will fracture from causes other than thermsl fa-
tlgue. On the other hand, long before the material cracks or fractures,
it may werp or distort to a degree that exceeds the dimensional
tolerances.

Thermal-Stress Tests

Material evelustion. - Leboratory tests for measuring the resistance
of materials to thermal stresses are not yet standardized snd often pro-
duce results that are comtradictory with one another and with actual
service records.

In general, two methods of testing are used: T

First specimens are subjected to varying temperature changes, and
the minimum temperature change that will cause the specimen to fall in a
single cycle under otherwise specified conditions is measured.

Next, specimens are repeatedly subjected to the ssme temperature
cycle, and the number of cycles that the specimens survive before failing
under the specified conditions is measured.

In both of these tests, failure is usually defined elther as visible
cracking at the surface or as actual fracture across the cross section.
The first type of test is usually confined to brittle materiels. The
second type is more common with ductile materiels, which seldom feil in

1o third type of test, which will not be discussed, is one that has
been stendardized by the American Society for Testing Materials for
classifying the resistance of refractory bricks or block to spalling.
Spalling involves s weight loss due to flaking of the surface layer or
to chipping of the corners of the brick, and the ASTM test classifies the
bricks on the basis of the percentage weight loss after a specifilc
spalling test. '
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a single cyele because of thelr sbility to deform and relieve the
stresses. A variation of these two tests (accelerated life test) is also
used in which the test is run for a limited number of cycles at a fixed
temperature change and, 1f the specimen does not fail, the tempersature
change is raised and the test continued in the same manner wmtil failure
does occur.

Literature review. - The results of an early Germen study of the
resistance of high-temperature alloys to repeated thermal shock are
described in an English survey in reference 13. Wedge-shaped specimens
of various materials were heated in a flame for 1 minute and thern cooled
in still air for 3 minutes. The specimens were cycled to two temperatures:
one at 650° to 700° C (1202° to 1292° F), the other at 850° to 900° ¢
(1562° to 1652° F). Specimens failed either by severe distortion of the
edge or by the formation of cracks. These tests demonstrated the
following:

(1) Excessive distortion, as well as cracking, can limit the service-
gbility under thermal-fatigue conditions.

(2) The number of cycles to feilure fells off very rapidly as the
temperature difference (or maximum cycle temperature) is increased.

(3) The relative merit of several materisls can change with the test
conditions. Therefore, tests for rating mesterials must eclosely approach
the conditions of the intended service, or the results cen be mlsleading.

(4) No clear relation exists between the resistance to thermsl shock
and such material properties as tensile or creep-rupture strength.

Tests were conducted at the NACA (ref. 14) to measure the resistance
of six cast high-temperature alloys (S-816, S-590, HS-21, 422-19, X-40,
and Stellite 6) to thermal shock. Specimens were cast in the form of
wedges and were heated to & wmiform temperature of 1750° F for 1 hour
send then quenched in water along a l/32-inch wide edge. When the speci-
mens were cool, they were removed from the quenching apperatus, the oxide
films were carefully removed from the narrow edges, and these edges were
microscopically examined for cracks. Failure was arbitrarily defined as
the presence of an opening across the entire width of the quenched edge.

No correletion was found between the thermal properties (coefficient
of linear expansion, thermel conductivity, and specific heat) and the
registance of the alloys to thermal cracking. Since the thermsl proper-
ties of the six alloys 4id not vary over s wide range, whereas the number
of cycles to failure varied by & factor of more than 10, the investigation
demonstrated thet materials with similar thermal propertles can have
widely different resistances to thermal cracking.



6 NACA TN 4160

Besides cracking, the specimens also warped so that the quenched
edges bowed. The amount of bowing increased with the number of cycles;
the rate of bowing decreased as the number of cycles increased. Although
the rates of bowing were different for the alloys, the greater the number
of cyeles to fallure, the greater was the amount of bowing at fallure.

Tests similar to the NACA test in which wedge- or triangular-~shaped
specimens were heated and/or cooled along one edge have been used by many
other investigstors. One manufacturer, for exemple, has conducted a
thermal-shock test which involved repested cycles of heating the edge of
a triangular-shaped sample in a flame to & maximum temperature of 1800° F
and sudden cooling of this edge to 800° F in a blast of compressed air
(ref. 15). Failure occurred when a crack had progressed completely across
the 1/32-inch edge of the specimen.

The data obtalned in this study showed that cast HS-21 and X-40 were
superior to cast S-816, whereas they were both inferior to cast S-818 in
the tests cited in reference 14. Thls discrepancy may have been due to
differences in the lots of material or in the test conditions. )

The significance of the differences between the alloys in the thermal-
shock test as related to actual service behavior was not determined in
the commercial study, nor were attempts to correlate thermal shock
resistance with other common properties successful.

L. F. Coffin, Jr. (refs. 16 to 19) has presented a most interesting
and detailed study of the thermal fatigue of thin tubular specimens of
type 347 stainless steel. These specimens were constrained longitudlnslly
by being gripped in a rig that clamped on to flanges at thelr ends. In
most cases, the specimens were initially stress-free and clamped at the
upper temperature limit. (Coffin found no difference in the thermal-
fatigue life regardless of whether the specimens were clemped at the upper
or the lower temperature.) The effect of the temperature difference of
cycling was studied by varying AT from 200° to 500° C while holding the
mesn temperature constant et 350° C; that 18, Tpay/Tmin Vveried from
450°/250° C to 600°/100° C (842°/482° F to 1112°/212° F, respectively).
The aversge temperature was held constant in an effort to minimize the
effect of temperature on the material and to measure only the effect of
varying amounts of thermal strain associsted with the various AT values.
The frequency of cycling was 4 cycles per minute, which is unusually fast
for thermsl-fatigue tests, and failure was defined as & complete or nearly
complete fracture of the specimen. Under these conditions, the thermal-
fatigue life of amnealed specimens dropped from about 40,000 to 1800
cycles as the AT was increased from 200° to 500° C.

The effect of cold-working was studiled by prestraining specimens in
tension or torsion. At high values of AT, prior cold work reduced the

L6999V
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life; for exemple, at a AT of 400° C, a 360° twist in the specimen
reduced 1ts life to 650 cycles, as compared with 3800 cycles for the
annesled material. As the AT was reduced, the demaging effect was

less, and in several ceses the cold-worked material became better than

the annealed materisl at low AT wvalues; thus, the curve for a 360° pre-
twist crossed that for annesled material at a AT of sbout 300° C.

Coffin found that the kind or prior cold work was not important in thermal
cycling. Specimens cold-worked by torsion or by tension withstood the
sgme number of cycles of thermal stressing, sc long &s both were worked

to the same amount of effective strain.

Coffin also studied the effect of mean temperature on thermal fatigue
by testing specimens at meesn temperatures of 250°, 350°, and 450° C while
maintaining the AT at about 300° C. Because of the slight change in
the expansion coefficient with temperature, the free thermal expansion
for a AT of 300° C wes greater st a meesn tempersture of 450° C than at
the lower mean temperatures, and the AT values were therefore adjusted
slightly to maintain constant strain emplitudes. An increase in mean
temperature under these conditions decreased the thermal-fatlgue life
from agout 15,000 cycles at a mean temperature of 250° C to 8000 cycles
at 450% C.

In ancther series of tests cycled between 200° and 500° C, the time
that the specimens were at 500° ¢ was veried. While there was consider-
able scatter in these results, increasing the hold time from 6 to 180
seconds appeared to decrease the number of cycles to failure from sbout
10,000 to 7000 with a possible minimum for & hold time of 60 seconds.
Coffin felt that, from a practical point of view, the decrease in the
number of cycles to failure with increased hold times was small and
pointed ocut that the life was actually increased if the total elapsed
time of the tests was used rather than the number of cycles.

Efforts to correlste and explain experimentsl results from thermsal-
fatigue tests have emphasized the similarity to ordinery mechanical fa-
tigue and the role of strain-hardening. The basic postulste of these
efforts seems to be that failure occurs when the ductility of the materisal
has been exhasusted so that it is no longer eble to absorb the reversed
deformation.

As a first estimate, the sum of the absolute values of the tensile
and compressive strains during each cycle multiplied by the number of
cycles to failure might be thought to equal the smount of strain at
fallure measured in & simple tensile or compression test. Experimentally
thie is not true and, in fact, even the summation of only the tensile
components of plastic flow during cycling is greater than the ductility
of the initisl materisl in the conventional tensile test. Repeated
inerements of plastic flow thus sppear to improve the subsequent behavior.
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Experiments also show that the summastion of the componente of tensile snd
compressive flow during cycling varies with the test conditions, and that
the greater the number of cycles to failure, the greater is this summa-

tion. S. S. Menson (ref. 20) proposed the following relation in 1952
to express this

Np = Kep—n (1)

where
Ny = number of cycles to failure

EP = plastic strain per cycle

K and n = constants

Manson (ref. 20) applied this relation to mechanical-fatigue data on
24ST aluminum st room temperature (ref. 21) and estimated that the value
of the exponent in equation (1) should be about 3. Later anaslysis of the
same data. showed that the exponent was more nearly 2 (ref. 19). The
important point demonstrated by these anslyses was that the number of
cycles to fallure appeared to hesr & simple relation to the smount of
strain per cycle in mechanical fatigue. Manson (ref. 20) further sug-
gested that this relstion might prove valuable in thermal fatigue, and it
was used to illustrate the drastic reduction in the number.of cyeles to
failure that might be expected from increasing the AT of cycling. TFor
example, consider a bar with fixed ends that is made of an ideally plastic
material with the following properties, independent of temperature:

Coefficient of thermal expansion, @, in./in./°F . . . . . . . . 10x10°6
Modulus of elasticity, B, PSI ¢« « o ¢« « ¢ ¢ o o o o o o o o « « « 30%06
Yield strength in tension snd compression, o¥ psi . . . . . . . 90,000

Such a materisal would deform plastically when the strain exceeded 0.003
inch per inch. It would undergo reversed plastic deformation on cyeling
when oAT > 2(0.003); this mskes AT > 600° F. The plastic strain per
half cyele €p would then be glven as

€ = 101076 AT - 0.006 (2)

The number of cycles to failure, relative to 1000 cycles at a AT of
800° F, would then be as follows:

6997
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AT, €p, € Ne = Ke -2
- 1S
OF in. /in. (Relative to "N = 1000
at AT = 800° F)
600 | 0.000 0 «
800 | .002 4£q07° 1000
1000 | .004 | 16x1079 250
1200 . 006 36x10-9 111
1400 | .008 | 64x1079 62
3 1600 | .010 | 100X10~9 40
Q 1800 | .0l2 | 144x10-9 28 L
Thus, the analysis predicts that the number of cycles to failure should
drop off repidly as the temperature change is increased, as was observed
experimentally in the tests quoted in reference 13.
Going from an ideally plastic material to a real material introduces
a number of changes in the behavior from this ideal model. For example,
the following must be considered:
o (1) Strain-hardening, by which prior deformation increases the yield
é strength and reduces the amount of reversed plastic flow
3]
(2) The Bauschinger effect, by which plastic flow in one direction
N reduces the stress at which plastic flow occurs in the opposite
direction
) (3) The temperature dependence of the mechanicsl properties
(4) The temperature dependence of the thermal properties
(5) The time dependence of the mechanical properties, as the effect
of strain rate on the yield point
(6) Time effects such as creep and stress-relaxation, which become
especlially important at high temperatures -
Microstructural changes that alter properties may also occur during
cycling, particularly if the temperatures are high. These will increase .
the list of factors to be considered as follows:
(7) Recovery, recrystallization, end grain growth _
(8) Matrix transformations
(9) Aging, precipitation-hardening, overaging, and spheroidization
| 8

(10) Anisotropic effects

- (11) Corrosion
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(12) Formatlon of cracks, which can reduce the load-bearing area or
act as stress-raisers - -

Finelly, the practical case may edd the following changes to the
simple bar model described:

(13) Nonuniformity of temperature over the cross sectlon and length
of the specimen

(14) Nonuniformity of cross-sectional srea over the length of the
specimen

(15) Stress concentrastions

RAYy

(18) Incomplete constraint due to ylelding of the supports
(17) Size effects

Despite these limitations, Coffin (refs. 16 to 18) had considerable
success in epplying equation (1) to his experimental results on thermal-
fatigue failures. Thus, Coffin correlated his results on the thermal
cyeling of annealed-type 347 stainless steel at a constant mean temperature
of 350° ¢ by the relation

1/2 -
N, / ey = 0.36 (3)

or, 1ts equivalent form -
; (4)

When the specimens were strain cycled at a constant temperature of 350° ¢
(i.e., the same as the mean temperature of the thermal cycling tests),
the relation was :

Ne = 0.1296 ep

Nfo'és ep = 0.28 (5)

or
- -3
Np = 0.05177 e, 2.326 (6)

The quantity €p in these relations is the plastic-strain change
per cycle. Since this changes during cycling because of strain-hardening
or softening, Coffin used a calculated plastic-strain change at one-half
the number of cycles for failure. The calculation was based on the
reletion

= € = O (7) 1

€thermal * Celastic T €inelastic net

which states: (1) the net strain of the tubular specimens was zero, -
since the ends were held fixed (or very nearly so) in a gripping device,
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and (2) the free thermal expansion or contraction was offset by an equal
and opposite flow made up by an elastic and a plastic component. The
quantity e€ppepmg1  could be determined either by measuring the free

expansion or contraction thet occurred when the specimen was unclamped or
by calculating it as equal to AT where o i1s the average coefficient
of thermal expansion. Actuelly, as Coffin points out, the quantity oAT
was not exactly equal to the thermal strain because of longitudinal heat
trensfer, which caused the ends of the specimens to be colder than the
middles.

The elastic strain €gqjggatie Was determined from the stress change
per cycle at one-half the number of cycles to failure snd from the modulus
of elasticity. The constrained expansion and contraction of the specimens
caused a very slight strain in the messive bars that connected the end
plates holding the specimens. The strain in the bars was measured by
SR-4 strain gages cemented to them and was converted to stress by multi-
pPlying by the modulus of elasticity of the bar material. Multiplying
this stress by the ratio of the areas of the bars and specimen gave the
stress in the specimen. The stress in the specimen was then divided by
its modulus of elasticity to give egjggtie- The modulus of elasticity

would, of course, have to be an average modulus for the temperatures
involved, end the strein would be an average strain over the length of
the specimen. The values of €gpermgl a4  €giggtic Were then inserted

into equation (8) to give €piastic While the procedure involves some
simplifying assumptions, the final correlations between Np and €p
appear remarkebly good.

The success of equstion (1), as well as other experimental observe-
tions, led Coffin to believe that the strain change 1s the dominent factor
controlling thermal fatigue and that temperature effects are not so
importent. He pointed out, however, that differences may be encountered
under temperature conditions where phase changes, merked strain-sging, or
anisotropic effects oceur. Coffin added that "Except for the possibllity
of some transformation of gama-iron to elpha-iron with extreme cold work
none of the gbove effects can occur for type-347 stainless steel. It
appears then that temperature cycling has only & secondary effect on the
fundemental sspects of the problem (ref. 17)." As added proof, Coffin
points out that there is no change in the stress-strain behavior of an
annealed-type 347 stainless steel if it is thermally cycled without con-
straint for 10,000 cycles between 200° and 500° C (i.e., if it is exposed
to the tempersture conditions without straining). However, structural
changes are influenced by both temperature and strain; chenges that do
not occur under temperature or strain alone may occur when both are pre-
gent. Also, the drop in life with the temperature level of testing at
constant strain amplitude (see p. 7) challenges the hypothesis that tem-
perature effects are not important.
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In summary, although plastic deformation and strain-hardening sppesar .
to be well established as importent factors in thermal fatigue, the im-
portance of the temperature level of cycling remains undefined. In view
of the tremendous effect thet temperature has on the properties of mate-
riels, 1t is reasonsble to expect that its role in thermal fatigue is
important. In addition, time becomes & factor in the behavior of metals
at high temperatures, and the frequency of cycling would therefore be
expected to affect the number of cycles to fallure. If these factors
are important, the correlations of the number of cycles to failure with
the smount of plastic deformation per cycle may need to be modified by
ineluding the effects of both temperature and time 1n order to have gen-
eral spplicability. Information on these effects should alsc aid in
understanding the mechenism of thermal fatigue.

. 6997

EQUIPMENT AND PROCEDURE
Equipment

The equipment and procedure minimized the thermal stresses in other
than the axial direction of the specimens. Figure 1 shows the specimen
design. The center section was heated and cooled through the desired
temperature cycle by passing high-amperage - low-voltage current through
it by means of water-cooled, copper leasds that attached to the adjacent "
shoulders. The specimens were constrained from expanding end contracting
axially by gripping them tightly ebout the shoulders at opposite ends.
The advantages which this type of specimen and procedure have over earller -
thermal -fatigue tests are that the thermal stresses and strains are uni-
axial and cen be measured and that a specimen cen be removed from the
gripping block prior to failure and, subsequently, threaded on the oppo-
site shoulders and tested in stress-rupture (ref. 12).

The block for gripping the specimens is shown in figure 2. This was
a 7-inch square by 3-inch thick steel block with a 2.50-inch-dismeter
hole drilled out through the center of the faces and a 0.50-inch-dlameter
hole rumning from top to bottom. The block was split into two halves
that were fastened together on the specimens by four bolts. Tightening
the bolts caused the block to grip the specimen tightly on the end
shoulders. The block was massive enough and the frietional gripping
force was firm enough so that there was no measursble movement of the
end shoulders of the specimens during constrained thermal cycling. The
specimen and block were electrically insulated from each other by 0.002-
to 0.004-inch paper.

A single chromel-alumel thermocouple was spotwelded to the center of
the test section tao measure temperstures, and the temperatures were re-
corded continuously on a Brown recording potentiometer. Small-dismeter 4
thermocouple wires were used to minimize heat conduction from the
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specimen. Tests indicsted that spot-welding the thermocouples on the
specimens 4id not interfere with the results. Figure 3 shows the thermo-
couple wires spotted on a specimen that hed been removed from thermal
eyeling before failure. Note that the manner of attaching the thermo-
couple had no apparent effect on the material other than cesusing a very
small smount of recrystallization immediately below the couple.

The test section of a specimen was raised to the desired temperature
by electric resistance hesting. During cooling, the power input was re-
duced and heat was removed from the test section by conduction through
the shoulders to the water-cooled, copper leads and by transfer to still
gir. Both the copper leads and the gripping block were included in the
water-cooling eircult. Because the shoulders of the specimens were main-
tained at relatively low temperatures, the tempersture was not uwmiform
along the length of the test sections, as shown in the temperature pro-
files in figure 4. Both S-816 and Inconel 550 showed the ssme temperature
profiles, as determined from thermocouples spotwelded at various points
along the lengths of the test sections of several specimens. The cycle
temperatures reported in this study sre those at the center of the test
section.

Suitable electric controls were provided so that the specimens could
be heated and cooled automaticelly between the desired temperastures and
in the desired times.

The expansion and contraction of the test section caused the shoulders
adjacent to 1t to deflect slightly., The amount of this movement was
measured by a mechanical strein gage with knife edges that rode on the
shoulders, as shown in figure 2. A mirror mounted at the other end of
the strain gage reflected the readings from a gradusted scale into a
telescope placed next to the scale and several feet from the specimen.

As the shoulders of the test section moved, the mirror rotated, and the
smount of movement was measured by the change in the scale readings re-
ceived at the telescope. The lever arms and scale-to-mirror distance
were such that the movement of the shoulder was megnified ebout 200 times.
The movement of the shoulders corresponded to the change in the total
length of the test section, and this change was not uniform because of
the temperature gradient along the axis of the test section.

For some of the calculations, it was necessary to know the smount of
free expansion and contraction in the shoulders edjacent to the test sec-
tion as the specimen was thermelly cycled. This was determined by using
& dial gage at the loose end of the specimen to meassure the total move-
ment of the specimen when it was thermally cycled without constraint.
Subtracting the movement in the test section (as measured by the strain
gage) from this totel movement gave the free expansion or contraction of
the shoulders. Since the temperature of the large shoulders at the oppo-
site ends of the specimens was unchanged during thermal cycling, this
shoulder movement was confined to the two shoulders immediately adjacent
to the test section.
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Figure 5 comnsists of photographs of the actual equipment.

Materisls

Two materials were studied, namely, S-816 and Inconel 550 elloys.
These are both high-temperature superalloys that are used mainly at tem-
peratures on the order of 1350° to 1500° F. Of the two alloys, S-816 is
weagker at these temperatures but has more ductility than Tnconel 550.
5-816 is a cobalt-base alloy, while Inconel 550 is nickel base; their
nominal compositions are as follows:

Percent by weight

Alloy c Cr | N1 | Co | Mo| W | Nb] T1 | AL Fe

5-816 0.4 |20.0|20.0|Bal. |4.0 [4. 04,0} ~===|====|5.0 Max.
InCOnel 550 O. 04 15.0 Ba-lo mmmmm———m—— lco 2. 50 l- :1.5 6. 70

The alloys were obtained from the manufacturer as 5/8-inch-dismeter

wrought bar stock. This was cut lnto 5%—inch lengths which were then
heat-treated as follows:

(1) s-816: Solution treated 1 hour at 2150° F and water quenched;
aged 16 hours at 1400° F and air cooled.

(2) Inconel 550: Solution treated 1 hour at 2150° F and air cooled;
aged 4 hours at 1600° F asnd air cooled; aged 4
hours at 1350° F and air cooled.

The mlicrostructures of the two alloys after heast trestment ere shown
in figures 6(a) and (b). Both alloys have an austenitic (face-centered
cubic) matrix structure in which precipitates have formed - carbides in
S-816 end en Niz(Ti,Al) intermetellic compound in Inconel 550.

The alloys in the heat-treated condition had a Vickers hardness
number (VEN) of 269 for S-816 and 327 for Inconel 550. The specimens
were machined from the hest-treated lengths of bar stock.

Procedure

The cycle through which the specimens were heated snd cooled was
divided into 4 perts: (1) heating to T.., (2) holding at T, (3)
cooling to Tpip, and (4) holding &t Tyiy,.

699%
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In starting a run, a specimen was held in the gripping block with
only the lower two bolits tightened. The upper two holts were loose so
that the specimen could expand end contract freely while the initial
edjustments were being made. After the power inputs during the various

" portions of the cycle had been adjusted to give the desired temperatures 3

the free expansion and contraction of the test section was measured by
noting the change in scale readings when the tempersture changed from
Tnax ©O Tpine The free contractions of S-816 and Inconel 550 specimens
that were cooled from various T .. to & Tyy, of 200° F are plotted
in figure 7(8.)- Note that the two alloys contracted by nearly equal
eamounts under the test conditions; the free expansion or contraction of
Inconel 550 was gbout 2 percent more than that of S-816.

Figure 7(b) shows the free contraction of the shoulders adjacent to
the test section during cooling from verious T .. toa T ., of 200° F.

Usually sbout 10 cycles were required to mske the adjustments and
initial readings, and the upper bolts were then tightened. 1In gll tests
in this investigation, the upper bolts were tightened while the specimen
was at Thax* This induced the maximum possible tensile stress in the
specimen on cooling to T,;,. Tn most of the tests T.j, was constant
at 200° F so that the maximum tensile stress would be developed at the
same temperature, regardless of Tpgve

The total smount of. tensile deformation slong the length of the
test sectlion was measured by the difference between the change in scale
readings when the specimen was cooled while loose and while comstrained.
The aversge strain is plotted against temperature in figure 8(a). De-
tails of the calculations sre given in appendix A.

The tensile stress developed at T, on the first cooling varied
with Tpox as shown in figure 8(b). Ideally, one would expect that the
greater the temperature difference of cooling (or, in this case, the
higher the T, since T4, was constant), the greater would be the
tensile stress at Tyin, whereas figure 8(b) indicates a decrease in
stress at the higher AT values (or Tpoy). The behavior shown in fig-
ure 8(b) is due to the temperature conditions of the test method and to
the varistion of the yleld strength of the two alloys with tempersture.

The effect of the tempersture conditions follows from the manner in
which the tempersasture gradients changed during cooling, as shown sche-
maticaelly in figure 9. In figure 9(a), the specimen starts cooling from
a Thaox equal to Ty and reaches a lower temperature Tz shortly
thereafter; in figure 9(b), the specimen starts cooling fram & Tp..
equal to T,. Because of the water-cooled leads sttached to the shoulders
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of the specimen, heat is extracted through the ends of the test section,
and the ends cool more rapidly than the center of the test section. This
means that, when the midpoint of the first specimen has cooled from T,
to Tp, the other parts of its test section have cooled to lower tempera-
tures than in the second specimen when the midpoint has just started
cooling from T;. The tensile stresses set up by the contraction of the
coocler sections in the first specimen can be relieved by ylelding near
the midpoint, provided that this portion 1s still at a sufficlently high
temperature for the yleld strength to be low. During cooling from T,
to Tpyy,s, there is less total contraction in the first specimen than in

the second, end hence, the final stress at  Tpi, can be less in the first

specimen than in the second, depending upon the smount of yielding in the
hot portion of the test section. This, in turn, depends on the tempera-
ture and the material., The tensile stress developed in Inconel 550 on
cooling from a given Tpa., was always greater than that developed in

S5-816, due to the greater yield strength of Inconel 550.

During the first few cycles, material changes occurred that altered
the electrical resistance, so that the power Iinputs had to be adjusted
to prevent the tempersastures from wandering from their proper values. The
specimens soon spproached an equilibrium condition, however, and there
was little drift in temperatures thereafter. Strain-gage readings were
teken at Intervals during thermal cycling, and the average strain over
the test sections varied slightly during cycling. The calculated stress
changes and average strains, ebsorbed by the test sections after one-half
of the number of cycles required for failure were run, are shown in fig-
ure 10 against the maximum cycle temperature. In figure 10{a) it is
noted that the two alloys deformed almost equally up to aboub 1350° to
1400° F, whereas S-816 deformed more than Inconel 550 at higher tempera-
tures. At the higher T .., & significant portion of this deformation
was compressive creep. This creep could be noted by the drop in scale
reedings as the temperature approached or was held at Tpg,, and it
occurred at lower temperatures for S-816 than for Inconel 550. The
stress change plotted in figure 10(b) 1s the differemce between the ten-
sile stress at Tyy, and the compressive stress at T,,4. Here, as in

figure 8(b) where the tensile stress developed during the first cycle of
cooling, there is a drop at high values of Tpy.

In a number of tests thermal cycling was continued until the specil-
mens failed. Failure was defined as actual fracture across the test sec-
tion, and generally occurred at/or very neeaxr the center of the test
section. Immedistely before failure, there was & period in which Tmgx
increased because of overhesting as a result of the reduction of current-
cerrying area that accompenied cracking. This overheating period lasted
for five to ten cycles at high T,,. &and increased in duration as the

Thex Was lowered so that it was on the order of several percent of the

/9%
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total number of cyeles to failure. No further hesting could occur after
failure, snd the number of cyeles to failure was easily determined from
the charts of tempersature against time.

The diameters of the specimens were measured with micrometers both
before and after removal from thermal cycling. Most of the specimens

~ were bulged at the center of the test section because of compressive

yielding and creep at Tpgy. The amount of bulging increased as Tpgoy

increased, as shown in figure 11, and was offset by a slight thinning to
elther side of the bulge.

Microstructures and hardnesses were also studied. Specimens for
these metallographic studies were prepared by carefully machining flat
surfaces through the central planes. Hardness was measured with a miero-
hardness tester, using a Vickers diamond penetrator end a l-kilogram
load, and the measurements were made 0.0l inch below the fracture edge.

RESULTS AND DISCUSSION

The results from specimens that were cyeled to failure under varying
conditions of thermal fatigue indicated the following effects of the cyele
variables on the number of cyecles to failure.

Effect of Meximum Cycle Temperature eand Temperature
Difference of Cycling

For the conditions of testing, Np wes governed more strongly by
Thax than by AT. This is shown in figure 12. The solid curves at a
constant AT of 1150° F in figure 12 show the védriation in Ny with
Thexs @nd the dashed curves at e constant Ty, of 200° F show the veari-
ation in Np wunder the combined effects of T,,, and AN IfT AR were
the sole factor controlling Np, the solid curves would be straight,

vertical lines intersecting the dashed curves at a common point
(Tmax = 1350° F, Tpin = 200° F, AT = 1150° F)Z; in other words, Np would

2This common point of intersection can be observed in the results
for Tnconel 550 plotted in figure 12(a). In the case of S-816, however,
the specimens for the two curves were taken from different bars of mate-
rial, and the one bar was stronger then the other. Hence, the two curves
for 5-816 in figure 12(b) are offset from one another. However, despite
this offset, the two curves for S-816 show the ssme relative behavior of
decreasing Ny with increasing T,,., as the curves for Inconel 550.
In all subsequent tests where comparisons were made, cesre was taken to
eliminate bar-to-bar variatione in materisl by using specimens from the
same bar or from bars that were shown to be equivalent.
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be constent as long as AT was constent. The actusl curves at constant
AT are not verticsl, and the amount by which the actual curves deviate
from the vertical indicates the effect of different T, 4. For both

alloys, the decrease in Np due to increasing T,,, &t a constant AT

was almost as severe as the decrease in Np due to increasing both
Tpoax &nd AT simultaneously. '

Additional tests on Inconel 550 confirmed the strong effect of Tpgx
on Np. Results of these tests are plotted in the so0lid curve in figure

13, which shows the varlation in Np with AT’ at a constant Tp.. of

1550° F. The dashed curve of figure 13 that is plotted for comparison
shows the variation in Np with AT at a comstent T,;, of 200° F.

(The dashed curve is the ssme as that in fig. 12(a); it has been replotted
in figure 13 egainst the ordinate AT rather than T,,,. Note that the
point of intersection of the two curves in fig. 13 1s a common point,

Toax = 1550° F, Ty = 200° F, AT = 1350° F.) If Tp,, were completely
controlling, the solid curve in figure 13 would be a straight, vertical
line. Actually, it is not vertical, and this shows that AT also has

an effect on Ny. However, as the two curves indicate, increasing or

decreasing AT and T .. simultaneously (dashed curve) had much more
effect on Np than increasing or decreasing AT without changing Tpgay
(solid curve).

The results cen be presented in other ways that indicate numerically
the reletive importance of Tp,, and AT for a limited range of condi-

tions. For exemple, as indicated in the following diagream, Inconel 550
endured about 860 cycles before failing when cycled between 1550° and
400° F. If AT was reduced 200° F by raising T4, to 600° F while

meinteining T,., &bt 1550° F, the life was increased to 1700 cycles;

that is, reducing AT Dby 200° F for constant Tygy approximetely doubled
Nee On the other hand, 1f Tp., Wwas reduced 200° to 1350° F while
maintaining AT at 1150° F, the 1life was increased to 10,500 cycles.
Thus, under these conditions, the increase in Np due to reducing Tpgy
by 200° F was more then 11 times the increase obtained by reducing AT

by the seame amount.

1550°/400° F
Np = 860 cycles

Reduce AT by 200° F Reduce Tp,, by 200° F
at constant Tpgx at constant AT
1550°/600° F 1350°/200° F
Np = 1700 cycles Ne = 10,500 cycles
1700 10,500
-860 -860

Improvement = 840 cycles Improvément = 9,640 cycles

' 6997
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The numerical value calculated from this disgrsm for the relative
importance of T, .., and AT 1is correct only for a particular set of
conditions. Other conditions can increase or decrease this relative
importance. The concentration of deformation in the center of the test
section, due to the manner of heating and cooling, as discussed earlier,
hes probably emphasized the effect of Tp., In the experimental results.
Under less severe conditions, AT could be more important than has been
found here. Obviously, no fracture would occur unless there was a AT,
regardless of how near T,.. might approach the melting point of the
material, since without a AT +there would be no strain change.

The point emphasized by the results is that Tpgy 18 en important
factor in thermal fatigue, and the life in thermel fatigue is not deter-
mined by AT alone. The effect of Tpgy superimposed on that of Pais
can overshadow the effect of AT alone. In view of its importence on
life, the effect of Tp,, can hardly be overemphasized in an anslysis of

thermal fatigue.

Although increasing Tpeox reduced the thermal-fatigue life, the
reduction wes not always as great as one might expect by simply extrapo-
leting the results at lower Tyay. Thus, as the results for S-816 plotted
in figure 12(b) indicate, the decrease in life with increasing Tpmgx for
a constant Tpyn oF 200° F was aspproximately linear on & semilog plot at
low values of Tp,o, end the curve then swung upwards at Tpgx above
gbout 1450° F. This upward swing was not obtained in the data for Inconel
550 over the same temperature renge. As & result, the curves for the two
alloys crossed one another in the manner shown in figure 14. As figure
14 shows, Inconel 550 had & better thermal-fatigue life than S-816 at
Pmax below 1525° F, whereas S-816 endured more cycles to failure at

higher Tpox.

This variation of the thermel-fatigue life with Tpgx &Ppears re-
lated to the effect of T, on the hardness behavior of the two alloys.
Figure 15 is a plot of the change in hardness of the specimens eycled
between different Tpay end a constent Tpin of 200° F. The hardness
change is the increase in hardness measured on the fractured specimens
as compared with their initiel hardness before thermal fatigue (i.e., the
hardness in the as-heat-treated condition). The final hardness readings
were taken just below the fracture edges. As figure 15 shows, S5-816
underwent considerseble hardening during exposure to thermal-fatigue condi-
tions, either as a result of strain-hardening, or sdditional precipitation-
hardening, or both. The maximum hardening occurred at a Tpgy of 14500
F, end at higher T,  ‘there was & softening relstive to this maximum.
Inconel 550, on the other hand, was initially harder than S-816 and 4id
not change herdness during cycling; at most, there was a slight softening
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at Tp.yx above 1500° F. Comparison of the effects of Tpax ©on the life
(fig. 14) end the hardening (fig. 15) shows that the upward swing in the
1life of S-816 occurs at the temperature of maximum hardening, whereas no
upwerd swing occurs in the life curve of Inconel 550. It appears, then,
that softening at high temperatures restored the ductility of S-816 so
that it could absorb more cycles of thermal fatigue than it could have
otherwise. Thus, the protection due to relative softening gave S-816 a
longer life than Inconel 550 at high Tpgy, whereas at low Tpey Inconel

550 endured more cycles to failure.

Photomicrographs of S-816 specimens that had falled in thermal-~
fatigue tests are shown in figures 16(a), (b), and (c). Note that the
fracture in all cases was transcrystalline. All specimens showed addi-
tioneal precipitation during thermal fatigue. For the specimen cycled at
8 Tpay OFf 1450° F (fig. 16(b)), the additional precipitation is well
defined and is seen to ocecur principally along slip planes. Additionsl
precipitation was somewhat less at a Tpgy of 1200° F, but wes still
evident along scme slip planes (fig. 16(a)). At a T .. of 1600° F, the
slip planes are sgaln marked by additional precipitetion, but instead of
being streight, the slip planes are curved and distorted (fig. 16(c)).

In addition, many of the particles of precipitate have spherocidized at
the high Tyga4. These changes were consistent with the hardness behavior.

Photomicrographs of Inconel 550 specimens that had failed in thermsal
fatigue are shown in figures 16(d) to (h). As in the case of S-818,
all failures were trenscrystalline. There was no marked increase in
precipitation in these specimens. Note the manner in which the grain
boundaries have broken into steps in the specimens cycled at Thax of
1350° and 1550° F (figs. 16(d) and (e)), and also to the twinning in the
lower grain in figure 16(d). At & Tpoy of 1600° F, recrystellization
along slip plenes was especially pronounced (figs. 16(f) and (g), and
especially, fig. 16(h})), although it could be observed at Ty, &s low as
1450° F. Also, the formation of voids was very evident at the Tmax of
1600° F (e.g., fig. 16(£)).

Effect of Time at Maximum Cycle Temperature

The time of exposure at T.., also affected Np as shown in fig-
ure 17. This effect was studied by increasing the hold time at Ty

from 15 seconds to 1 minute. For both alloys, increasing the hold time
at Tpgx Dy a factor of four incressed Np at high Tpgyx and decreased

N¢ at low Tpgy. The crossover points were at 1360° F for S-816 and at

1510° F for Inconel 550, and the effect of time appeared more pronounced
for 5-816 than for Inconel 550.

1 6997
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Although the effect of the time at Ty, appears small, particulerly -
for Inconel 550, it is significant that it can be observed in relatively
short times. Where parts In service are maintained at hlgh temperatures
for much longer times than the experimental cycles used here, the effect
mey be more severe. The disagreement between short-time thermel-shock
tegts in the laboratory and service lives may be partisally due to this
effect of time.

Photomicrographs of specimens of S-816 and Inconel 550 that hed been
fractured at temperatures below the crossover points are shown in figure
18. Additional precipitation was very evident in both alloys. Note the
twinning, grain boundery fregmentation, and "steps" produced within the
grains of the Inconel 550 specimen.

Effect of Strain Change

Attempts to correlate the number of cyeles to failure with the amount
of plastic deformetion per half cycle by the eguation

Nf = KEP-n ( l)

were unsuccessful, as Indicated by the dsta for 5-816 plotted in fig-

ure 19. For equation (1) to be valid, the log-log method of plotting in
figure 19 should reduce the data to a single straight line, which is
obviously not the case., Although the results for a single series of tests,
such as thoge at constant T i, (eircles, fig. 19), might be satisfied by
a straight line for a limited range or for low values of Tpgy, the curve
sweeps upwards at high T ., so that Ne Is greater than would be pre-
dicted by & straight-line extrapolation of the resuits at low Tygy.
Results for a series of tests at constent AT (diamonds, fig. 19)3 are
considersbly different from the results at constent Tys,. Although there
was very little variation in the average plastic strain per half cycle

for the three specimens at constant AT, Np was significantly reduced as

Thax Increased.

It must be admitted that the calculation of the plastic strain per
half cycle, both in the present tests and in those of Coffin (refs. 16 to
19), involves some errors and spproximations. Details are given in
appendix B. The most serious error is the faet that the strain was not
uniform along the test section due to the temperature gredient and the
menner of heesting and cooling, as discussed earlier. Ideally, the plastic
strain should be evalusted in the nerrow section at the center of the test

3The three specimens tested at constant AT were from a different bar
of materisl then those tested et constant Tpyyp, so that the point for

Thex = 1350° F, Tyy, = 200° F is not common (discussed in footnote 2).
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section where fracture occurred. Actuaelly, the higher the Ty.., the more
the calculated average plastic strain (ordinate in fig. 19) was concen-
trated in the areae of the fracture. It appears doubtful, however, that
correcting the average plastic strain over the test section to the actual
Plastic strain in the region of fracture would reduce s8ll of the dats
points plotted in figure 19 to a single straight line. The test condi-
tions, perticularly T,.., appesr to be important factors in addition to
the cyclic strain. For example, when the cyclic time of exposure was
increased at high values of T, .., the cyclic plastic strain was also
increased by virtue of the creep strain that occurred during the longer
time of holding; nevertheless, despite this increase in strain, the num-
ber of cycles to fallure wes increased by the increase in holding time,
rather than reduced, as would be required by equation (1). Thus, it is
concluded that the mumber of cycles to failure is not governed solely by
the cyclic plastlec strain and that equation (1) must be modified by addi-
tional terms defining the test conditlons in order to have general
applicebility.

CONCLUSIONS

The following concluslons have been drawn from a study of the effect
of the test conditions on the number of cyeles to fasilure in thermal
_fatigue for the materiasls and test conditions studied:

1. The number of cycles to fallure was more sensitive to changes in
the maximum cycle temperature than to changes in the tempersture
difference.

2. Increasing the time of exposure at high maximum cycle temperatures
inereased the number of cycles to failure, whereas the same increase in
time &t low meximum cycle temperatures decreased the number of cyeles to
failure,

3. The number of cycles to failure depends upon temperature and time
effects in eddition to the thermel strains sbsorbed by plastic flow in
the materials.

Lewis Flight Propulsion Laboratory
Nationel Advisory Comittee for Aercnautics
Cleveland, Chio, June 30, 1958

RAAY-
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APPENDIX A

CALCULATION OF STRESS AND AVERAGE TQTAL STRAIN IN TEST SECTION DURING
CONSTRAINED COOLING FROM MAXTMUM TO MINIMUM CYCLE TEMPERATURE
The nomenclature used in this appendix is as follows:

A = scale movement of strain gage on test sectlon of specimen during
cooling from T ., to Ty, while loose, in.

B = scale movement of strain gage on test section of specimen during
cooling from T .. to Tyi, while constrained, in.

C= magnification factor of strain gage

D= scele movement of disl gage at loose end of specimen during cooling -
from Tj.y to Ty, while loose, in.

E = modulus of elasticity of material, psi

In addition to the above symbols, the letters X and X' are used
in the following derivation to refer to the positions of the opposite
ends of the specimen, as indicated in figure 1, the letters Y and Y'
refer to the positions of the outer ends of the shoulders adjacent to the
test section, end the letters Z and Z' vrefer to the positions of the
opposite ends of the test section. '

When the specimen is cooled from T,., to Tpy, while loose,
points Z and Z' move together the amount A/C, and points X emd X'
move together the smount D. Since the large shoulders at opposite ends
undergo no temperature chenge during heating and cooling the test section,
the points Y and Y' e&lso move together an amount D. Thus, the free
contraction of the test section is A/C and that of the two adjacent
shoulders is D - A/C.

When the same cooling is repeated while the specimen is constrained,
the points Z end Z' move together sn amount B/C (where B/C <A/C),
and points Y and Y' (es well as X and X') do not move since they
are held fixed by the gripping block. TIn this case, the test section
must therefore be stretched the smount A/C - B/C = (A - B) /C. At the
same time, the adjacent shoulders are pulled out the smount D - A/ c
that they would have contracted because of free cooling plus the addi-
tional smount B/ C; that is, the adjacent shoulders have been stretched
the amount D - A/C + B/C=D - (A - B)/C.
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The smount of elastlc and plastic deformation theat the test section
undergoes during constrained cooling in order to absorb the thermel
strain is therefore equal to (A - B)/C. Dividing this quantity by the
length of the test section, which is 1{2 inch, gives the average total
strain, which is plotted in figure 8(a) for the first cycle of constrained
cooling and in figure 10(a) at N = Jz.mf. '

In order to calculate the stress in the test section, the stress in
the shoulders was first calculated by multiplying the strain in the _
shoulders by the modulus of elasticity. Since the length of the shoulders
adJacent to the test seection was 2 inches, this gives

A ~-3B 1
( C)XZXE

for the stress in the shoulders. Multiplying this quantity by the ratlo
of the cross-sectional sreas of the shoulders and the test section gives
the stress in the test section, which is plotted in figures 8(b) and
10(b).

LN
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APPENDIX B

CALCULATION OF AVERAGE PTASTTIC STRATN IN TEST SECTION DURING
CONSTRAINED COOLING FROM MAXIMUM TO MINIMUM CYCLIC TEMPERATURE

The average total strain in the test section and the stress in the
test section were ecalculated by the method deseribed in gppendix A. This
was done for the cycle N = 1/2 Ng. The elastic strain in the test sec-
tion was next calculsted by dividing the stress by the modulus of elas-
ticity. The modulus of elasticity was evaluated at the average tempera-
ture of T, and Tpy,. The average plastic strain was then calculated

by subtracting the elastic strain from the total strain, and this is the
quantity plotted in figure 19.
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Figure 1. - Test specimen.
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Figure 4. - Temperature profiles of test specimens.
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(a) s-8185 electrolytically etched in a dilute solution of sulfuric
and boric acids.

Figure 8. ~ Microstructure of heat-treated specimen before test. X250.
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(b) Inconel 550 electrolytically etched in a dilute solution of
hydrofluoric acid and glycerol in water.

Figure 6. - Concluded. Microstructure of heat-treated specimen
before test. X250.
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Figure 7. - Free contraction of S-816 and Inconel 550 during cooling from
various maximum temperatures to & minimum temperature of 200° F.
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Figure 7. - Concluded. Free countraction of S-816 and Inconel 550 during
cooling from various maximum temperatures to a minimum temperature of
2000 F,
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Figure 8. - Stress and strain in test section during first cycle of con-

stralned cooling from various maximum temperatures to a minimum tempera-
ture of 200° F.
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Tensile stress in test section on firat cooling from Tpay to 200° F, psi
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(b) Tensile stress.

Figure 8. - Concluded. Stress and strain in test section during first cycle

of coustrained cooling from verious maximum temperatures to & minimum tem-
perature of 200° F.
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Flgure 10. - Stress chenge and average strain in test section during con-
strained cooling from various meximum cycle temperatures to a minimum
cycle temperature of 200° P at N = % Ne.
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(b) Stress change.

Figure 10. - Concluded. Stress change and average strain in test section

during constralned cooling from various maximm cycle temperatures to a
minimum cycle temperature of 200° F st N = % Np.
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Figure 1l. - Amount of bulging in specimens that had failed
in thermsl fatigue at various Tygy. Minimum cycle tempera-
ture, 200° F; clemped &t maximum cycle temperature; heat or cool
30 seconds; at temperature, 15 seconds.
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(a) S-816 specimen fractured between 1200° and 200° F. Electrolyt-
ically etched in & solution of agua regia and glycerol. ZX250.

Figure 16. - Microstructure of speclmen that had been fractured by
thermal fatigus.
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NACA TN 4160

C-48029

o] (o]
(d) Incomel 550 specimen fractured between 1350  and 200° F.
Electrolytically etched in a solution of sulfuric aciag,
aqua regia, and Marble's reagent. X250.

Figure 18. - Continued. Microstructure of specimen that had
been fractured by thermal fatigue.

699%



L]

4669

NACA TN 4180

C-48030

(e) Inconel 550 specimen fractured between 1550° and 200° F.
Electrolytically etched in a solution of sulfuric acild,
aque regle, and Marble's reagent. X250.

Figure 16. - Continued. Microstructure of specimen that had

been fractured by thermal fatigue.
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(£) Inconel 550 specimen fractured between 1600o and 200° F.
Electrolytically etched 1ln & solution of sulfuric.acid,
aqua regle, and Marble's reagent. X250.°

Figure 16. - Continued. Microstructure of specimen that had
been fractured by thermal fatigue.
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(g) Inconel 550 specimen fractured between 1600 and 200 F.

Electrolytically etched in a dilute solution of hydrofluoric
acid and glycerol in water. X100.

Figure 16. - Continued. Microstructure of specimen that had
been fractured by thermal fatigue.
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C-48033

o] o]
(h) Inconel 550 specimen fractured between 1600° and 200 F.
Electrolytically etched in a dilute solution of hydrofluoric
acld and glycerol in water. X750.

Figure 16. - Concluded. Microstructure of specimen that had
been fractured by thermal fatigue.
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(a) S-816 specimen fr
ically etched in &

(o]
actured between 12500 and 200 F. Electrolyt-
dilute solution of sulfuric and boric 'acids.

Figure 18. - Microstructure of specimen that had been fractured by

thermal fatigue on

30-60-30-15 cycls. ZX250.
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(b) Inconel 550 specimen fractured between 1350  and 200 F. Electrolyt-
ically etched in a solution of hydrochloric, nitric, and sulfuric acids.

Microstructure of specimen that had been fractured

Figure 18. - Concluded.
X250.

by thermal fatigue on 30-60-30-15 cycle.
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plastic strain per half cycle.

Heat or cool, 30 seconds; at temperature, 15 secomds.

O9T¥% HL VOVN

19




